We use the Gaia data release 1 (DR1) to study the proper motion (PM) fields of the Large and Small Magellanic Clouds (LMC, SMC). This uses the Tycho-Gaia Astrometric Solution (TGAS) PMs for 29 Hipparcos stars in the LMC and 8 in the SMC. The LMC PM in the West and North directions is inferred to be (µ W , µ N ) = (−1.872 ± 0.045, 0.224 ± 0.054) mas yr −1 , and the SMC PM (µ W , µ N ) = (−0.874 ± 0.066, −1.229 ± 0.047) mas yr −1 . These results have similar accuracy and agree to within the uncertainties with existing Hubble Space Telescope (HST ) PM measurements. Since TGAS uses different methods with different systematics, this provides an external validation of both data sets and their underlying approaches. Residual DR1 systematics may affect the TGAS results, but the HST agreement implies this must be below the random errors. Also in agreement with prior HST studies, the TGAS LMC PM field clearly shows the clockwise rotation of the disk, even though it takes the LMC disk in excess of 10 8 years to complete one revolution. The implied rotation curve amplitude for young LMC stars is consistent with that inferred from line-of-sight (LOS) velocity measurements. Comparison of the PM and LOS rotation curves implies a kinematic LMC distance modulus m − M = 18.54 ± 0.39, consistent but not yet competitive with photometric methods. These first results from Gaia on the topic of Local Group dynamics provide an indication of how its future data releases will revolutionize this field.
1. INTRODUCTION Almost everything that is known about Local Group dynamics, and of galaxy dynamics in general, is based on LOS velocity observations. Such measurements constrain only one component of motion, and interpretation therefore requires that various assumptions be made. PMs in the plane of the sky provide a more complete picture. However, the PMs are generally small and inversely proportional to the distance of the target.
The Hipparcos satellite provided a detailed understanding of the PMs of stars in the solar neighborhood (ESA 1997) , but its accuracy was insufficient for detailed studies of other Local Group objects. Water maser observations yielded the first accurate PMs for other Local Group galaxies (Brunthaler et al. 2005) . However, this technique is limited to a few galaxies with high star formation rates. Only with HST has it become possible to determine PMs for objects throughout the Local Group. For example, the HSTPROMO collaboration has studied the PM dynamics of globular clusters, stellar streams, and nearby galaxies (van der Marel 2015) .
The Gaia satellite will provide the next step forward through PM measurements for objects across the sky to optical magnitude ∼20.7 (Gaia Collaboration 2016a). Initial five-parameter astrometric solutions (including PMs) are expected in late 2017, with a final DR in 2022. By contrast, the Gaia DR1 of Sep 14, 2016 (Gaia Collaboration et al. 2016b , includes PMs only for stars in common between Gaia and the Hipparcos Tycho-2 Catalogue (Hoeg et al. 2000) . This Tycho-Gaia Astrometric Solution (TGAS) Catalog (Lindegren et al. 2016 ) is restricted to the same bright stars previously studied by Hipparcos and is therefore not well suited for studies of Local Group dynamics. However, we show in this paper that it does yield some first new insights.
The LMC and SMC are the most massive satellites of the Milky Way. They have been studied extensively for a wide range of astrophysical subjects. To place these results in a proper context, it is important to understand the dynamics of the Magellanic Clouds and their history in the Local Group. They have therefore been of special interest for HST studies. Kallivayalil et al. (2006a,b) presented PMs for 26 fields based on two epochs of HST data with a 2-year time baseline. These measurements were refined by Kallivayalil et al. (2013;  hereafter K13) using a third epoch for 12 fields, which extended the time baseline to 7 years. The latter provided a median percoordinate PM uncertainty of only 0.03 mas/yr (7 km/s), 3-4 times better than the two-epoch measurements.
The HST studies showed that the Magellanic Clouds move faster about the Milky Way than previously believed based on models of the Magellanic Stream. So instead of being long-term satellites, they are most likely on their first Milky Way passage (Besla et al. 2007 ). These results have refined our understanding of the Magellanic Clouds, as well as the formation of Magellanic Irregulars in general (Besla et al. 2012) . van der Marel & Kallivayalil (2014; hereafter vdMK14 ) studied the variations in the HST PM measurements across the face of the LMC. They measured the PM rotation curve, and −0.794 ± 0.066 −1.229 ± 0.018 weighted mean [2] −0.830 ± 0.047 −1.222 ± 0.044
Note.
-Column (1)- (2): Hipparcos ID and GAIA sourceId number of those Magellanic Cloud stars previously identified by Kroupa & Bastian (1997) and analyzed here. Columns (3)-(6): right ascension α, declination δ, proper motion PM W(est) (≡ −PMα cos δ), and PM N(orth) (≡ PM δ ) from the TGAS catalog. All stars have known LOS velocities (Barbrier-Brossat et al. 1994; Kroupa & Bastian 1997; Neugent et al. 2012; Kordopatis et al. 2013 ) consistent with LMC or SMC membership. The stars HIP 22237 and 25815 in the LMC were rejected because they had the two highest TGAS astrometric excess noise values (> 1.02) in the sample, as well as strongly outlying PM values. HIP 7912 and 8470 near the SMC were excluded because they reside in the Magellanic Bridge. HIP 23500, 24907, 25146, 25822, and 27655 in the LMC, and HIP 5397 in the SMC are not listed in the TGAS catalog. There are no additional Hipparcos stars with both position and kinematics (SIMBAD LOS velocity and TGAS PM) consistent with Magellanic Cloud membership. The straight and weighted mean for each Magellanic Cloud are listed (accounting also for correlations between the TGAS PM components).
[1] The uncertainty in the "straight" mean is based exclusively on the observed scatter, and doesn't use the individual PM uncertainties.
[2] The uncertainty in the weighted mean is based exclusively on the individual PM uncertainties, and doesn't use the observed scatter. This underestimates the PM uncertainty in the COM motion of each Magellanic Cloud. demonstrated consistency with LOS velocity studies.
Historically, one of the first measurements of the Magellanic Cloud PMs was obtained by Kroupa & Bastian (1997) , using data for 36 LMC stars and 11 SMC stars from the Hipparcos satellite. These are young massive stars with apparent V-magnitudes between 9-12 (absolute magnitudes brighter than −6.5). High-quality TGAS data exist for 29 of the LMC and 8 of the SMC stars. We retrieved these data from the Gaia archive using pygacs.
1 While the Hipparcos PM errors ranged from one to a few mas/yr, the new TGAS PM errors, listed in Table 1 , are much smaller. The 0.15 mas/yr median error is similar to the HST PM errors for the K13 two-epoch fields. So while the TGAS measurements do not improve upon the HST measurements, they do allow for an independent verification. We therefore an- Table 1, minus the best-fit COM PM from Tables 2  and 3 (bottom left inset). PM vectors have a size that indicates the mean predicted motion over (arbitrarily) the next 7.2 Myr. For the LMC, clockwise rotation is clearly evident. The bottom right inset shows the median random PM errors for the sample. a The χ 2 values of our model fits suggest that these may be overestimated by a factor ∼ 1.85 (confirmed visually by the good agreement between the PMs of adjacent stars). Overstimated errors have also been suggested for Gaia DR1 parallax values (Casertano et al. 2016) .
a A figure that shows the individual PM uncertainties is available at http://www.cosmos.esa.int/web/gaia/iow 20160916 .
alyze here the Magellanic Cloud TGAS PMs with the same methodologies presented in K13 and vdMK14. We do this for the LMC in Section 2, and the SMC in Section 3. Section 4 discusses the results in the context of previous work. Section 5 summarizes the conclusions. Figure 1a shows the spatially variable component of the observed LMC PM field (comparable to Figure 1 of vdMK14 for the HST PM data). For each star in Table 1 we subtracted the best-fit LMC center-of-mass (COM) PM (left inset) derived below. Clockwise motion is clearly evident. This qualitatively validates the accuracy of the data, and confirms that the stars belong to the LMC.
LMC PROPER MOTION FIELD
We model the LMC PM field to derive its kinematical and geometrical parameters. The model has contributions from the internal rotation of the LMC and the systemic motion of the LMC COM. To describe the former, we assume that the LMC is a flat disk with circular streamlines. The latter adds a spatially variable "perspective rotation" component (due to the fact that projection of the COM velocity vector onto the West and North directions depends on position). The relation between the transverse velocity v t in km/s and the PM µ in mas/yr is given by µ = v t /(4.74047D), where D is the distance in kpc (since the LMC is an inclined disk, this distance D is not the same for all stars). We refer the reader to van der Marel et al. (2002; hereafter vdM02) for a derivation of full analytical expressions. Table 2 lists the results of fitting this model to the data, accounting for the small correlations between the TGAS PM components.
2 Column (2) uses only the new TGAS PM data. The COM position is not well-constrained by the data, since there are very few TGAS stars on the south-east side of the LMC; we therefore keep it fixed at the value inferred by vdMK14. Column (3) is the fit to the HST PM data from vdMK14, which pertain to a mix of young and old stellar populations with apparent V-magnitudes between 16-24. Column (4) fits both data sets together. This improves the constraints, but complicates the interpretation by mixing stars of different ages (which have different kinematics because of the phenomenon of asymmetric drift). Column (5) shows results obtained when the TGAS PMs are fit simultaneously with an age-matched sample of literature LOS velocities for 723 Red Supergiants (vdMK14).
These fits parameterize the rotation curve V (R) as function of radius R in the disk to increase linearly to velocity V 0 at radius R 0 , and then stay flat at larger radii. We also obtained a non-parametric estimate for V (R) as in vdMK14, by determining for each star the PM component along the local direction of rotation. Green data points in Figure 2 show the rotation estimates thus obtained for the TGAS stars, while black data points show the results after binning in radius to decrease the error bars.
SMC PROPER MOTION FIELD
2 The average correlation between PM W and PM N is smaller than 0.1 for the LMC TGAS stars. Figure 1b shows the spatially variable component of the observed SMC PM field, after subtraction of the bestfit COM PM derived below. The stars all have similar PMs, which confirms their SMC membership. No rotation in the plane of the sky is evident. This is due to two separate effects. First, the SMC is smaller than the LMC, and the TGAS stars are closer to the galaxy center then they are for the LMC. At small radii, both the intrinsic galaxy rotation and perspective rotation components are smaller. Second, photometric and LOS velocity studies show that the SMC is more vertically extended and less rapidly rotating (if at all) than the LMC (van der Marel et al. 2009 ).
In view of these facts and the small number of stars, we fit a relatively simple model to the SMC PM field, as in K13. We include perspective rotation and allow for a single overall intrinsic galaxy rotation velocity V rot in the plane of the sky (i.e., as though we were viewing a face-on disk). We keep the distance modulus fixed at m − M = 18.99 ± 0.10 (Cioni et al. 2000b) , and the radial velocity fixed at v sys = 145.6 ± 0.6 km/s (Harris & Zaritsky 2006) .
We explored several different fits, in which the SMC COM PM is always a free parameter. We keep the COM position fixed, since it is not well constrained by the PM data in absence of rotation. We use either the HI kinematical center from Stanimirovic et al. (2014) , or the photometric center of the old stars from Cioni et al. (2000a) , in each case with an uncertainty of 0.2
• per coordinate. We treat V rot either as a free parameter, or keep it fixed to V rot = 0 ± 40 km s −1 . The assigned uncertainty is the rotation velocity of HI in the SMC (Stanimirovic et al. 2014) , which should exceed the amount of rotation in the young stellar component. Table 3 lists the results of fitting the TGAS PM data by themselves, the HST PM data (K13) by themselves, or both data sets together. The TGAS value for the LMC COM PM (Table 2 , column (2)) can be compared to the HST measurement in column (3). Similarly, the TGAS value for the SMC COM PM can be compared to the corresponding HST measurement for any given set of model assumptions Table 3. The results from TGAS and HST have similar random errors, and the COM PM measurements generally agree to within these errors. Given this agreement, it is likely that results of the joint analysis of the HST and TGAS data, as reported in Tables 2 and 3 , yield the most accurate estimates to date.
The values of the TGAS COM PMs are not strongly dependent on the details of our PM field models. Since 12.80 ± 0.20 [1] 16.25 ± 0.20 [1] 12.80 ± 0.20 Note.
-Column (1)- (2): model quantity and units, defined similarly as in Table 2 . Columns (3)- (6): values inferred from model fits described in Section 3.
[1] Value kept fixed. Not fit, but uncertainty propagated into other model parameters.
the stars are distributed more-or-less symmetrically around the center, a mean of the PM data ( Table 1) yields results that are similar to our best fits at the level of the random errors. The exception is the mean µ W for the LMC, which is affected by the paucity of TGAS stars on the southeast side.
We have not explicitly included possible spatial correlations in TGAS PM errors (Gaia Collaboration et al. 2016b; Lindegren et al. 2016 ) in our analysis. The effect of such correlations would be to underestimate the random error in the weighted average PM of a stellar sample (Kroupa & Bastian 1997) . The agreement between our TGAS results and the HST results implies that any residual systematics introduced by this must be below the random errors.
We also considered Tycho-2 stars in the TGAS catalog. The Tycho-2 catalog goes fainter, to V ∼ 14, than the Hipparcos catalog, but the typical TGAS PM uncertainty 1 mas yr −1 is much worse. We selected Tycho-2 stars in the areas of the LMC and SMC, with LOS velocities from the SIMBAD database or the RAVE survey (Kordopatis et al. 2013 ) that are consistent with LMC or SMC membership. Stars with discrepant PMs were excluded. This yielded 210 LMC and 34 SMC stars, which still includes possible remaining foreground contamination. We found this insufficient to obtain an accurate independent estimate of the LMC and SMC COM PMs.
Analysis of the LMC PM data well defines the LMC dynamical center (Table 2 ) and yields a result that is consistent with the average dynamical center from HI measurements. For the SMC, the location of the stellar dynamical center is not well known a priori, and it is not well constrained by the PM data. We adopt the result for the HI center as our best estimate, as in K13, but Table 3 shows that uncertainty in this center introduces ∼ 0.1 mas yr −1 PM uncertainty. This is less pronounced when the TGAS and HST PM data are analyzed jointly.
The viewing angles (i, Θ) of the LMC disk are not accurately known, with different methods yielding results that differ at the level of tens of degrees. The new results in Table 2 are within the range of what has been found by other studies (e.g., van der Marel & Cioni 2001; vdM02; van der Marel et al. 2009; vdMK14) , but are not sufficiently accurate to convincingly pin down the values of these angles.
The LMC rotation curve inferred from the TGAS data is more useful than that derived from the HST PM data, because it pertains to a single stellar population instead of a mixed population. The rotation amplitude for R 2 kpc is consistent with that inferred from LOS velocity measurements for young stars (Figure 2) , further validating the accuracy of the TGAS data. However, at R 2 kpc the TGAS-inferred rotation curve lies somewhat below the LOS rotation curve. This could be due to shot noise and the limited number of (ten) TGAS stars at these radii, or it could reflect shortcomings in our kinematical model for the young stellar disk (e.g., warping; Nikolaev et al. 2004) .
The LMC PMs are measured in mas/yr, while LOS velocities are measured in km/s. Comparison therefore yields a kinematic estimate of the galaxy distance. The distance modulus implied by a joint fit is m − M = 18.54 ± 0.39 (Table 2 , column (5)). This is consistent with the canonical m − M = 18.50 ± 0.10 (Freedman et al. 2001 ), but not competitive in terms of accuracy. This is due in part to the random errors on the PM rotation curve, and in part to the random errors on the inclination of the disk. But this method for determining the LMC distance will become more competitive with future Gaia data releases.
The TGAS data for the SMC do not imply a significant rotation in its young stellar population (see V rot in Table 3), and certainly less than the ∼ 40 km s −1 rotation amplitude of HI (Stanimirovic et al. 2004) . Whether the young SMC stars show more rotation than the old stars, as suggested by LOS velocity data (Evans & Howarth 2008; Harris & Zaritsky 2006; Dobbie et al. 2014) , remains unclear.
CONCLUSIONS
We have used the Gaia DR1 to obtain new insights into the motions and internal kinematics of the Magel-lanic Clouds. The results do not improve upon the accuracy of existing HST studies, but they have similar accuracy and are consistent to within the uncertainties. Since these missions use different methods with different systematics, this provides an external validation of each approach.
3 The TGAS results confirm the large PM of the Magellanic Clouds, which has previously been used to revise our understanding of their orbital history and cosmological context (K13). Both Gaia and HST (vdMK14) confidently detect and quantify the rotation of the LMC disk. Comparison of the LMC rotation curves from PM and LOS data yields a kinematic distance estimate that is independent from, but consistent with, that from photometric methods and the cosmological distance ladder.
The results presented here are the first from the Gaia mission on the topic of Local Group dynamics. Gaia's future data releases will contain many more stars and have higher PM accuracy. With the methods used here, this is guaranteed to further improve our understanding of the Magellanic Clouds. When combined with studies of other nearby targets, this will revolutionize our understanding of the Milky Way and its satellites. For PM studies further out into the Local Group, and especially for dwarf galaxies with old stellar populations, HST will continue to be the telescope of choice due to its ability to measure accurate PMs for faint stars (V 25) over small fields (e.g., Sohn et al. 2015) .
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